B -Tirapazamine
Boron neutron capture therapy (BNCT) is based on the reaction that occurs between the 10 B nucleus and thermal neutrons, and represents a promising modality for selective irradiation of tumor tissue. 10 B nuclei capture slow "thermal" neutrons preferentially, and upon capture promptly undergo nuclear fission. The heavy charged particles produced by this 10 B(n,α) 7 Li reaction have ranges of ≈9 µm and ≈5 µm, respectively, in tissue and have a high relative biological effectiveness for controlling tumor growth as compared with γ radiation. 1) Meanwhile, recent studies have suggested that tumor hypoxia could be exploited by the use of bioreductive agents which preferentially kill hypoxic cells. 2, 3) Brown and colleagues reported that tirapazamine (TPZ, SR 4233, WIN 59075, 3-amino-1,2,4-benzotriazine-1,4-dioxide) showed highly selective toxicity toward hypoxic cells in both in vitro and in vivo murine tumor systems. 4, 5) Severe hypoxia was not required and the level of hypoxia found in many human tumors was sufficient for toxicity. 6) Many tumor cells do not proliferate (i.e., are quiescent) in situ, but are still clonogenic. 7) To improve the effectiveness of cancer treatment, it is necessary to determine the response of quiescent (Q) tumor cells to treatment. Although the nature of Q cells has been studied over the last 30 years, many aspects of these cells are still unknown. 7) Q cells are more likely to be hypoxic, 8) and therefore more sensitive to TPZ. 9) In analyzing the response of Q cells in solid tumors, we have developed a combined method with micronucleus (MN) frequency assay and identification of proliferating (P) cells by 5-bromo-2′-deoxyuridine (BrdU) and antiBrdU monoclonal antibody, since a simple method for detecting the response of intratumor Q cells directly has not been available. 10) With this method, we evaluated the usefulness of TPZ injection combined with 10 B-compound administration in BNCT for murine solid tumors. Neutron capture reaction was performed with two 10 B-compounds, sodium borocaptate-10 B (BSH) and dl-p-boronophenylalanine-10 B (BPA), which are widely used clinically in Japan. 1) 
MATERIALS AND METHODS
Tumors, mice, and labeling with BrdU SCC VII squamous cell carcinoma was maintained in vitro in Eagle's minimum essential medium containing 12.5% fetal bovine serum. Cells were collected from monolayer cultures, and approximately 1.0×10 5 cells were inoculated subcutaneously into the left hind legs of 8-to 11-week-old syngeneic female C3H/He mice. Nine days after inoculation, mini-osmotic pumps (Alzet model 2001, Polo Alto, CA) containing BrdU dissolved in physiological saline (250 mg/ml) were implanted subcutaneously for 5 days of continuous labeling. Administration of BrdU did not change the tumor growth rate. The tumors were 1 cm in diameter at treatment. The labeling index after 5 days of continuous labeling with BrdU was 55.3±4.5%, and reached a plateau at this stage. Therefore, in this study, we regarded tumor cells not incorporating BrdU after continuous labeling as Q cells. Treatment Lithium fluoride thermoplastic boxes capable of holding three mice were made. BrdU-labeled tumorbearing legs were pulled out of the box through a narrow slit in the front, and fixed with adhesive tapes. Twenty minutes after intraperitoneal injection of BSH (125 mg⋅kg −1 ) dissolved in physiological saline or 3 h after oral administration of BPA (1,500 mg⋅kg −1 ) also dissolved in physiological saline, the tumors were irradiated with a neutron beam generated by Kyoto University Reactor (KUR).
11) For combination with TPZ, TPZ (50 mg⋅kg −1 ) dissolved in phosphate-buffered saline (PBS) was intraperitoneally injected 30 min before neutron irradiation. We used thermal neutron beams with a cadmium ratio of more than 5,000. Therefore, the amount of contaminating fast neutrons was considered to be negligible. The neutron fluence was measured by radioactivation of gold foil at both the front and back of tumors. γ-Ray doses, including secondary γ-rays, were measured with thermoluminescence dosimeter powder at the back of tumors. Since the tumors were small and located just beneath the surface, intratumor neutron fluence was assumed to decrease linearly from the front to back of the tumors. Thus, we used the averaged neutron fluence from the measured values at the front and back of tumors. The average neutron fluence and γ-ray dose rate were (7.54 ±1.89)×10 9 n⋅cm −2 ⋅s −1 and (1.72±0.56)×10 −3 Gy⋅s −1 at 5 MW, respectively. On the other hand, each treatment group also included mice that were not pretreated with BrdU. 10 B concentrations were determined in some tumors that were not irradiated. The 10 B concentration in the tumors was measured by prompt γ-ray spectrometry using a thermal neutron guide tube at KUR. 12) Hori synthesized TPZ according to the established method, 13) which Brown and colleagues also employed, 5) and analyzed it by using chemical ionization mass spectrometry [m/z, 179(MH+)], electron ionization mass spectrometry [m/z, 178(M+)] and infrared spectrometry [KBr] . This synthesized TPZ was concluded to be identical with commercial TPZ. According to an in vivo experimental report, 14) TPZ was administered at a dose (=50 mg⋅kg −1 ) close to its maximum tolerated dose, defined as the highest dose which produced no overt signs of toxicity. The interval between TPZ administration and irradiation (=30 min) has been shown to be the timing producing a nearmaximum enhancement of radiation cell killing in SCC VII carcinoma.
15)
Immunofluorescence staining of BrdU-labeled cells and observation of micronucleus formation These procedures have been described in detail elsewhere. 10) After the above treatments, tumors excised from mice given BrdU were minced and trypsinized at 37°C for 15 min, using 0.05% trypsin and 0.02% ethylenediaminetetraacetic acid. Tumor cell suspensions were inoculated into 60-mm tissue culture dishes containing 5 ml of complete medium and 1.0 µg⋅ml −1 of cytochalasin-B to inhibit cytokinesis while allowing nuclear division. The proportion of binuclear cells reached a maximum 48 h and 72 h after initiation of culture for total and Q cell populations, respectively. The cultures were trypsinized and single-cell suspensions were fixed with 70% ethanol. After centrifugation, the cell pellets were resuspended in 0.4 ml of cold Carnoy's fixative (three volumes of ethanol and one volume of acetic acid). The suspensions (30 µl) were then placed on glass microscope slides using a dropper and dried at room temperature. The slides were treated with 2 N hydrochloric acid for 30 min at room temperature to dissociate the histones and partially denature the DNA. The slides were then immersed in borax-borate buffer (pH 8.5) to neutralize the acid. BrdU-labeled cells were detected by indirect immunofluorescence staining using monoclonal anti-BrdU antibody and fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG. To observe the double-staining of tumor cells with FITC and propidium iodide (PI), cells on the slides were treated with 30 µl of PI (1-5 µg⋅ml −1 in PBS) and monitored under a fluorescence microscope. The MN frequency in BrdU-unlabeled cells (=Q cells) could be examined by counting the micronuclei in those binuclear cells that showed only red fluorescence. The MN frequency was defined as the ratio of the number of micronuclei in the binuclear cells to the total number of binuclear cells observed. 16, 17) The ratio obtained in tumors not pretreated with BrdU indicated the MN frequency of all phases of the total tumor (P+Q) cell populations. More than 300 binuclear cells were counted to determine the MN frequency.
Four mice were used for each set of conditions, and each experiment was repeated 3 times. To examine the differences between pairs of values, Student's t test was used when the variances of the two groups could be assumed to be equal; otherwise the Welch t test was used.
RESULTS
The 10 B concentrations in tumors in the BSH and BPA administration groups were 10.2±1.3 µg⋅g −1 and 10.4±2.3 µg⋅g −1 , respectively, and this difference was not significant. Table I shows the MN frequencies without neutron radiation for total tumor cells and for Q cells. With or without drugs, the MN frequency of Q cells was higher than that of total cells when no neutrons were delivered.
Figs. 1 and 2 show the changes in the normalized MN frequency of each cell population treated with either BSH (Fig. 1 ), or BPA (Fig. 2 ), in combination with TPZ administration. When a drug was administered before tumor excision, even if no radiation was applied, the MN frequency was higher than when no drug was administered because of the genotoxicity of the drug (Table I) . Therefore, for baseline correction, we used the normalized MN frequency to exclude the effects of genotoxicity of the drug on the MN frequency. The normalized MN frequency was the MN frequency in the irradiated tumors minus the MN frequency in the nonirradiated tumors. Table II) . The use of 10 B-compounds increased the difference in normalized MN frequency between total and Q cells, especially when BPA was used. TPZ injection reduced the difference in MN frequency between total and Q cells induced by 10 B-compound administration, especially in the case of administration of BPA. TPZ treatment alone also reduced the difference in MN frequency Normalized MN freq. between total and Q cells observed when no drugs were administered, mainly by increasing the MN frequency of Q cells.
To evaluate the effects of TPZ on the MN frequency in total and Q cells, the enhancement ratio (ER) by TPZ was calculated at various normalized MN frequencies using the data shown in Figs. 1 and 2 (Table III) . TPZ enhanced the sensitivity of tumor cells, including Q cells, even when no 10 B-compound was administered. In combination with 10 B-compound, all ER values decreased. However, TPZ showed a greater effect on Q cells when BPA was administered, while it had no apparent effect on each cell population when BSH was administered.
DISCUSSION
Previously Ono et al. 18) showed that more than 90% of SCC VII tumor cells divide at least once following neutron capture irradiation and that the probability of completing the first post-treatment mitosis was almost equivalent in SCC VII cells regardless of neutron capture compound administration. In addition, our preliminary experiment showed that, in total cell populations of SCC VII tumors, the correlations between normalized MN frequency and the surviving fraction under 6 conditions could be expressed as one regression line whether the cells were irradiated with or without drugs (Fig. 3) . Consequently, the sensitivity of tumor cells to neutron capture irradiation was thought to be reflected reasonably well by their normalized MN frequency, instead of by their loss of clonogenicity.
It was shown that the profile of cytotoxicity of TPZ as a function of the oxygen concentration is different from those of other bioreductive agents.
2) Mitomycin C exhibits weak selective toxicity under hypoxic conditions, and extremely low levels of oxygen are required to obtain maximum cytotoxicity.
2) TPZ maintains its "hypoxic cytotoxicity" at oxygen concentrations approximately 10-fold higher than nitroimidazole bioreductive agents. 6) We previously found that within SCC VII tumors Q cells include a larger hypoxic fraction than the total cells (Q cells: 53±2% vs total cells: 11±2%). 10) Therefore, TPZ showed a greater cytotoxicity to Q cells than to the total cells (Table III) . Hence, TPZ treatment alone could reduce the difference in MN frequency between total and Q cells observed after neutron irradiation without a 10 B-compound (Table II) .
Meanwhile, 10 B-compounds increased the sensitivity of both Q and total cell populations, especially that of total cells ( Figs. 1 and 2) ; i.e., the difference in sensitivity between total and Q cells was widened by a 10 B-compound (Table II) . In our previous report, 19) we suggested that this event was induced mainly because Q cells could not take up 10 B as efficiently as P cells. Solid tumors, especially human tumors, are thought to contain a high proportion of Q cells. 20) The presence of these cells is probably due, in part, to hypoxia and nutrition depletion in the tumor core, and this is another consequence of poor vascular supply. 7) Therefore, Q cells may have higher MN frequencies at 0 Gy than the total cell population (Table I) , and Q cells could be more sensitive to the hypoxia-specific cytotoxin TPZ even when combined with 10 B-compound administration (Table III) . However, once 10 B is distributed in tumor cells, 10 B itself could enhance their sensitivity much more markedly than TPZ because of the heavily charged high linear energy transfer particles produced by neutron capture reaction (Figs. 1  and 2) . Therefore, TPZ could show larger ERs for Q cells than for total cells, especially when BPA, which showed a poorer distribution in Q cells than BSH, 19) was administered (Table III) . Consequently, TPZ could reduce the difference in MN frequency between total and Q cells induced by 10 B-compound administration, especially in the case of BPA administration (Table II) .
With regard to TPZ effect, the curves of normalized MN frequency according to neutron fluence with and without TPZ were almost parallel ( Figs. 1 and 2 ). Therefore, the effect of TPZ was thought to be additive. Actually, in SCC VII tumor cell cultures, the interaction of TPZ with irradiation was shown to be essentially additive in vitro. 21) It has been reported that Q cells have lower radiosensitivity to photons than P cells in solid tumors in vivo. 7, 20) Thus, more Q cells can survive after radiotherapy than P cells. Therefore, the control of Q cells, some of which will still be clonogenic, 7) is thought to influence greatly the outcome of anticancer radiotherapy. However, 10 Bcompound administration in BNCT expanded the difference in sensitivity between total and Q cells compared with no drug administration (Table II) . From the viewpoint of tumor curability, including Q tumor cell control, the use of TPZ in BNCT appears to be encouraging, even if the TPZ effect is additive. In particular, the combination of TPZ with BPA may be effective and advantageous. It is now evident that agents that can preferentially kill hypoxic cells constitute another class of agents with a defined use in BNCT, especially in BPA-BNCT.
The characterization of Q cells in solid tumors and examination of their sensitivity to various treatments has been greatly hampered by the lack of adequate systems to identify Q cells and to obtain large homogeneous populations of them. Hence, the Q cell assay method used in this study appears to be useful for determining the sensitivity of Q cell populations in solid tumors to various DNAdamaging treatments. Using this method, we plan to investigate the responses of Q cells to various anticancer treatments. Further, it is now evident that apoptosis is strongly correlated with the curability of some tumors. 22, 23) We also plan to assess the effectiveness of neutron capture reaction in inducing apoptosis.
